ulation's access to resources and hence its ability to respond to favorable environmental conditions. Therefore, we expect that species with large-scale, high-amplitude fluctuations in population density should have few direct competitors. Where predators are abundant, and particularly where they have coevolved with the prey species, density-dependent or delayed density-dependent predation will either prevent outbreaks or generate cycles (Klemola et al. 2003 ) and contribute to spatiotemporal synchrony , Huitu et al. 2003a ). However, high climatic variability can limit the extent of outbreaks and disrupt the ability of competitors and predators to regulate small-mammal populations. Voles in northern Europe (mainly the field vole, Microtus agrestis), lemmings in Eurasia (mainly the Norwegian lemming, Lemmus lemmus, and the Siberian lemming, Lemmus sibiricus) and North America (mainly the collared lemming, Dicrostonyx groenlandicus), snowshoe hares in North America (Lepus americanus) , and granivorous house mice in southeastern Australia (Mus domesticus) all lack serious competitors but are exposed to different suites of predators and experience different degrees of climatic variability. Consequently, we can use these model species to explore how well we understand what drives the population dynamics of small mammals.
It is not our intention to cover all multiannual population cycles and outbreaks of small mammals, because many are smaller-scale, not continent-wide, phenomena. We do not attempt to review a plethora of hypotheses dealing with population cycles and outbreaks, since a wealth of recent reviews already exists , Hanski et al. 2001 , Klemola et al. 2003 , including two books (Berryman 2002 , Turchin 2003 . These works elegantly summarize the relevant theoretical background of time-series analyses and modeling approaches. Because many recent observational and experimental papers have made considerable advances in explaining the mechanisms behind cycles and outbreaks, we take a more mechanistic approach (in the sense of a mechanistic paradigm, i.e., experimentally testing mechanisms by which population effects are achieved) .
Therefore, we have selected well-studied species or groups in which large-scale manipulations of either food supply or predators, or of both factors, have been performed. The main aims of our review are to describe, compare, and synthesize the recent knowledge of three key aspects of vole, lemming, and hare population cycles and mouse outbreaks: (1) periodicity, amplitude, and extent of spatial and temporal synchrony; (2) changes in reproduction and survival; and (3) recent advances in the study of mechanisms for these fluctuations. Finally, we highlight gaps in the knowledge of these population fluctuations and outline crucial data collections and key experiments to be done to fill these gaps.
Periodicity and amplitude of cycles and outbreaks in highly seasonal environments A common feature of vole, lemming, and hare cycles and mouse outbreaks is that they can be found in environments with strong seasonal or between-year variation: snowy winter lasting 6 to 9 months, or drought lasting at least 6 to 12 months, both of which prevent or at least slow down the growth of food plants and the reproduction of small mammals. Field voles can breed below a layer of deep snow, in particular during the increase phase of their population cycle , but snowshoe hares cannot. However, a pulse of food after snowmelt or from a period of good rainfall may induce intensive reproduction and subsequent fast population growth of voles, hares, and mice. Lemmings, in particular collared lemmings, seem to deviate from this pattern, because their main breeding season appears to be in late winter to early spring, below a snow layer (Millar 2001 , Gilg 2002 ) that protects them against cold spells and most predators.
Voles and lemmings undergo population cycles with 3-to 5-year periods, and snowshoe hares with 9-to 11-year periods, whereas mouse outbreaks occur at more irregular intervals of 4 to 8 years, with no autocorrelation in time series (table 1, figure 1). For voles, lemmings, and hares, densities in the peak phase can differ substantially among different cycles Source: a, Hanski et al. 1991; b, Framstad et al. 1997 , Turchin 2003 c, Keith 1990; d, Singleton et al. 2001; e, Klemola et al. 2003; f, Singleton et al. 2004; g, Huitu et al. 2003a; h, Erlinge et al. 1999; i, Stenseth et al. 1999; j, Hanski and Henttonen 1996; k, Erlinge et al. 1999 , Reid et al. 1995 l, Boutin et al. 1995; m, Norrdahl and Korpimäki 2002; n, Wilson et al. 1999 , Erlinge et al. 2000 , Millar 2001 o, Stefan and Krebs 2001; p, Klemola et al. 2002b; q, Keith et al. 1984; r, Wilson et al. 1999 , Erlinge et al. 2000 s, Norrdahl and Korpimäki 1998 ; t, Wilson et al. 1999 , Gilg 2002 u, Krebs et al. 1995. (50 to 300 voles, 10 to 200 lemmings, and 1 to 5 hares per hectare [ha]), whereas densities in the low phase are extremely low (< 0.5 vole, < 0.1 lemming, and < 0.01 hare per ha) for more than one year (figure 1). Similarly, densities during outbreaks of house mice vary widely (from 200 to 1000 or more per ha), whereas in some low years densities are less than 1 mouse per ha. Therefore, house mice show very highamplitude population fluctuations, whereas the amplitude of vole, lemming, and hare cycles is lower (table 1) .
A distinct north-to-south gradient is found for vole cycles in northern Europe, with 4-to 5-year cycles and high amplitude (200-to 1000-fold) at 70°north (N), 3-year cycles with reduced amplitude (50-to 200-fold) at 60°N, and disappearing cycles below 60°N (Hanski et al. 1991) . This gradient may be associated with the increasing density of generalist predators and the decreasing density of specialist predators in the south (Hanski et al. 1991) , possibly mediated by changes in landscape composition and snow conditions (Hansson 1999) . Multiannual low-amplitude (approximately 10-fold) cycles can be found in some locations in temperate Europe, but they are small-scale phenomena, covering only some tens to hundreds of square kilometers (Jedrzejewski and Jedrzejewska 1996) .
Spatiotemporal synchrony of cycles and outbreaks
Spatial synchrony of northern European vole cycles is detectable over 70 to 500 kilometers (km), and that of Siberian lemming cycles is detectable over 200 to 1000 km (table 1) . However, the physical properties of the geographic area, such as landscape composition, may modify the spatial population dynamics of voles. In western Finland, the densities of Microtus voles in agricultural fields fluctuated with a higher degree of spatial synchrony in the more continuous agricultural landscape than in the forest-dominated landscape (Huitu et al. 2003a ). This might be due to differences in the degrees of interpatch connectivity, with movements of predators and dispersal of voles acting as the primary synchronizing agents. There is a close temporal synchrony between the population oscillations of the bank vole (Clethrionomys glareolus) and gray red-backed vole (Clethrionomys rufocanus) and those of the most pronounced cyclic Microtus voles (Hanski and Henttonen 1996) . In addition, the lowest phases of the vole population cycles tend to coincide with low densities of shrews (Sorex spp.) . The coexisting populations of Siberian and collared lemmings tend to fluctuate in temporal synchrony (Erlinge et al. 1999) , and high peaks of Norwegian lemmings tend to co-occur with peak densities of root vole (Microtus oeconomus) populations .
Snowshoe hare cycles tend to be synchronous over 500 to 1500 km (table 1) in three Canadian regions: the Atlantic maritime region, the continental climate zone, and the Pacific maritime zone . These regions correspond to the climatic zones defined from the North Atlantic Oscillation (NAO). The reason for this coincidence remains obscure, but changing snow depths linked with NAO might affect the efficiency of lynx and other predators in hunting snowshoe hares during long winters . Hare cycles have disappeared as agriculture has fragmented forest landscapes in parts of southern Canada and the northern United States. Hare numbers fluctuate in close temporal synchrony with arctic ground squirrels (Spermophilus parryii) but not with northern red-backed voles (Clethrionomys rutilus), meadow voles (Microtus pennsylvanicus), or M. oeconomus . In some years, the densities of house mice in Australia are synchronized when mouse numbers are high from southern Queensland to South Australia over a range of 1500 km (table  1) . In other years, mouse outbreaks occur only in smaller areas, tens of kilometers across. Only 7 of 31 outbreak years recorded in the four southeastern states of Australia over the last 100 years occurred in three or four states simultaneously (Singleton et al. 2004) . Spatiotemporal synchrony of mouse outbreaks with population fluctuations of native small mammals is not known, but high rainfall periods that lead to mouse outbreaks have also generated eruptions of European rabbits (Oryctolagus cuniculus) and native rodents in arid and semiarid Australia (Pech et al. 1992) .
What ecological factors are likely to induce large-scale synchrony of mouse outbreaks and vole, lemming, and snowshoe hare cycles? Dispersal movements between local populations could explain only small-scale spatial synchrony (5 to 20 km), because voles, lemmings, hares, and mice disperse only on a scale of a few kilometers (Norrdahl and Korpimäki 1998 , Blackburn et al. 1998 , Hodges 1999 ). On the continentwide scale, the Moran effect (i.e., spatially correlated environmental perturbations, such as weather events; Koenig 1999) is the most likely explanation. On the intermediate scale (100 to 1500 km), this fails to explain the synchrony of vole, lemming, and hare population fluctuations, because it is unusual for weather events to directly affect the demography of small mammals. One possibility is that weather-induced changes in food plants drive small-mammal population dynamics. However, this cannot explain why the lowest densities of insectivorous shrews co-occur with those of herbivorous voles. Furthermore, if the Moran effect is the most important factor involved, the synchrony should occur over much larger scales. However, favorable weather conditions across large regions may still be the most likely explanation for large-scale spatial synchrony in outbreaks of house mice.
Predator movements are likely to cause synchrony of vole, lemming, and snowshoe hare cycles. Long-distance dispersal movements of vole-, lemming-, and hare-eating owls and raptors over distances of 500 to 1500 km have been repeatedly documented for many species (Korpimäki 1993) , and there are indications that mammalian predators can disperse over distances of up to 1000 km (Mowat et al. 2000) . Avian predators move more often and over longer distances when vole populations are declining than when they are increasing (Korpimäki 1993) , probably so that the predators can search for food-rich areas. In southeastern Australia, the aggregation of avian predators may prevent localized outbreaks of house mice (Sinclair et al. 1990 ) and hence play a minor role in synchronizing periods of low mouse numbers. The predatorinduced synchrony hypothesis for vole cycles (Norrdahl and Korpimäki 1996) , lemming cycles (Erlinge et al. 1999) , and snowshoe hare cycles can also account for the temporal synchrony of population fluctuations of coexisting small-mammal species. It is well known that the functional response of predators to prey density can cause a shift from main prey to alternative prey (e.g., from Microtus voles to Clethrionomys voles and shrews, from lemmings to voles, and from snowshoe hares to ground squirrels; Korpimäki and Norrdahl 1991, O'Donoghue et al. 1998 ) and may thus synchronize the dynamics of different small-mammal species. This hypothesis is plausible because predators have an important role in generating vole, lemming, and hare cycles. In addition, there is experimental evidence that avian predators can synchronize population cycles of voles on a local scale (Norrdahl and Korpimäki 1996) . These three mechanisms are probably not mutually exclusive and may act together, at different scales, in inducing geographically distinct local populations to fluctuate in synchrony.
Changes in reproduction and survival
High reproductive output and low mortality are essential for high rates of population growth during the increase phase of population cycles and outbreaks. Conversely, low reproductive output or high mortality must occur during the decline phase.
In voles, the reproductive season is longer, the proportion of breeding females is higher, and litter sizes are larger in the increase phase than in the decline phase of the population cycle (table 1) . However, these changes are small in comparison with changes in survival rate, which is high in the increase phase but low in the decline phase of the cycle (figure 2). Therefore, population models indicate that changes in reproductive output do not seem as important as changes in survival rates for altering the rate of increase of cyclic vole populations .
Much less is known about the reproductive rate of cyclic lemming populations (table 1). In the increase phase of the Siberian lemming cycle, all young and winter-born females were reproducing, and females started to reproduce when they were less than 2 months old. By contrast, in the peak phase, a smaller proportion of females were reproducing (figure 2), and females did not breed until they were 5 to 6 months old (Erlinge et al. 2000) . In collared lemmings, differences in reproductive rate among the phases of the population cycle have not been reported, but survival rates are much higher in the increase phase than in the decline phase (Wilson et al. 1999 ). Predation is a major cause of mortality of both voles and lemmings (table 1) .
The litter size of house mice is similar in breeding seasons when the abundance of mice remains low, and during the first year of an outbreak (when abundance increases rapidly), but is lower in the second year of an outbreak (when the abundance of mice is high; figure 2). Breeding starts earlier and is extended by about 5 weeks during the first year of an outbreak in comparison with low years (Singleton et al. 2001 ). This extension of the breeding season is necessary, but not sufficient, for generating an outbreak of mice. The proportion of breeding females is higher in low years compared with outbreak years (figure 2). However, during an outbreak, the reproductive output of the population should be much greater, because of a higher density and the extended breeding season. The survival probability of house mice is much higher in the first year of an outbreak than in the second year (Singleton et al. 2000) .
In snowshoe hares, most reproductive parameters are maximized in the increase and peak phases rather than the decline phase (table 1, figure 2). The number of young per female is twice as high in the increase phase as in the decline phase, and the litter size and the percentage of females producing a fourth litter are much higher during the increase (Stefan and Krebs 2001) . Both weather and the body condition of females seem to influence reproductive performance in snowshoe hares (Stefan and Krebs 2001) . During the decline phase, the survival of young and adult hares is lower than during the increase phase (figure 2).
Mechanisms behind vole, lemming, and hare cycles and outbreaks of mice
Statistical time-series analyses and mathematical models have suggested that population cycles of northern voles are generated by combined effects of delayed and direct densitydependent mechanisms (Hanski et al. 2001 , Klemola et al. 2003 , Turchin 2003 . In western Finland, a large-scale experimental reduction of predators increased the autumn density of voles fourfold in the low phase, accelerated the increase twofold, increased the autumn density of voles twofold in the peak phase, retarded the initiation of decline of the vole cycle, and prevented the summer decline of vole populations (Korpimäki and Norrdahl 1998, Korpimäki et al. 2002) . Experiments conducted with voles (cycle period of 4 to 5 years) gave similar results in an arctic-alpine landscape in northern Norway , Hambäck et al. 2004 . Based on the former experiment, demographic models predicted changes from regular multiannual cycles to annual fluctuations with declining densities of specialist predators, whereas the reduction of generalist predators tended to increase the period and the amplitude of these fluctuations .
Similarly, collared lemming abundance was two-to ninefold higher in a predator exclosure than in control areas during the peak and decline years of the cycle (figure 3), and protection from predators prevented the decline of lemming populations. Survival of lemmings was higher during the increase and peak years than during the decline year of the cycle, when survival was also much higher in the exclosure than in the control areas (Wilson et al. 1999) . At another location in the Canadian tundra, control populations of collared lemmings declined in the summer, whereas a population protected from predators remained more stable (Reid et al. 1995) . Therefore, predation mortality was sufficient to prevent summer population growth of these noncyclic lemming populations (Reid et al. 1995) and was also sufficient to regulate cyclic lemming populations (Wilson et al. 1999) .
Food supplementation in winter increased vole population growth and subsequently prevented the crash of vole populations, but only in the absence of predators (Huitu et al. 2003b) . Overall, predator exclusion had much stronger effects on vole densities than did winter food supplementation figure 3) . Therefore, delayed density-dependent regulation by predators appears to drive the 3-year population cycles of voles in western Finland, but the vole populations that have been able to escape regulation by predators are limited by a lack of winter food. Winter food limitation is thus a likely cause of the direct density dependence that leads predator densities to catch up with vole densities, which then start to decline owing to mortality from predation. It is not known, however, whether the lack of winter food results in mass starvation of voles, or whether the scarcity of food causes mortality indirectly by making voles vulnerable to predators and diseases.
Experimental manipulation of both predator densities and food supply of snowshoe hares showed that both factors increased hare densities two-to threefold, but that the interactive effects of predation and food supply were more than additive . In the decline phase of the hare cycle, mammalian predator exclusion alone increased hare survival and population density much more than food supplementation (figure 3). Food supplementation had no obvious effect on the reproductive success of hares in the increase phase of the cycle, whereas in the decline phase, the predator exclusion and food supplementation treatment resulted in a vast increase in reproductive success in comparison with control areas (Hik 1995) . Therefore, both predators and food supply may be the driving factors of snowshoe hare cycles . A mechanistic model of snowshoe hare demography, in which hare populations are limited by the winter food supply from below and by predation from above, predicts that the increase phase of the hare cycle is stopped by food limitation, whereas the decline from peak abundances is caused by predation mortality (King and Schaffer 2001) .
Modeling studies have predicted that outbreaks of house mice are usually associated with years of above average crop production, which in turn is linked to winterspring rainfall (Pech et al. 1999) . High-quality food might be a mechanism driving early breeding in spring (Singleton et al. 2001) . Alternatively, low predation risk may facilitate access to ample food supply, which then induces an early initiation of breeding. Predators might regulate mouse numbers when abundance is low, but mice can escape regulation to form outbreaks (Sinclair et al. 1990 ). Experiments to extend the breeding season of mice by providing abundant highquality food did not result in an extended breeding season, improved body condition, or increased abundance (figure 3). The mechanisms that cause the end of mouse outbreaks are not well understood, but they may be associated with nutritional stress, increased predator pressure, and disease (Singleton et al. 2000) .
What should be done in the future?
There are two main gaps in our knowledge of these population cycles and outbreaks. First, we need better landscape-level data on population changes to detect the scale of fluctuations and landscape attributes that contribute to or prevent outbreaks. This can be done only through long-term, large-scale monitoring of population abundance. Second, we need more detailed experimental studies of the mechanisms that cause changes in reproduction and survival rates, and in particular of how these might arise from changes in food supply, from risks induced by multiple predators, from disease prevalence, and from social interactions within populations. As these details become clearer, predictive models can focus on critical quantitative parameters that researchers can measure, thereby increasing the precision of their predictions.
For mice, we need better observational data on predation rates, and further experimental manipulations of predator densities and disease prevalence, because these seem to be crucial factors in the survival and reproductive performance of mice. In addition, we need two-factor experiments to study whether the effects of food supplementation and predator manipulation are interactive or additive, and whether the scarcity of water during drought limits the utilization of food, thereby inhibiting reproduction. For lemmings, we need data on the impact of snow conditions, food supply, and predation risk on winter reproduction. In addition, there might be unknown differences in the reproductive behavior of Lemmus and Dicrostonyx species, and these differences might be due to different food selection (Millar 2001) . For snowshoe hares, the exact mechanism by which the interaction between food supply and predation could act is either through the effects of predation risk on foraging patterns (Hik 1995) or indirectly through hormonal balance and stress responses (Boonstra et al. 1998b) . Alternatively, there is some experimental evidence that synergistic effects of nematode parasitism and malnutrition may make hares at cyclic peaks more vulnerable to predators, which then could induce a decline of hare populations (Murray et al. 1997) .
For all four small-mammal groups, we need to know whether diseases can have direct or delayed densitydependent effects on host demography. We also need regionally stratified two-factor experiments on food supply and predation risk to identify geographical differences in the importance of predation and food limitation. The importance of food supply as the limiting factor for vole and lemming populations should increase toward the north, where the growing season of plants is shortest. This may be the case also for snowshoe hares, and regional differences in mouse outbreaks may be due to varying importance of food and water availability. Finally, we would like to underline that all these manipulations should be performed on the relevant spatiotemporal scale. For example, in manipulations of predator densities, a proper spatial scale is the home range of the main predators rather than that of the target species.
Conclusions
It seems that changes in survival, rather than in reproductive rate, are the main cause of varying small-mammal rates of increase during a cycle or an outbreak. Food supply mainly affects reproduction, while natural enemies mainly induce mortality, indicating that top-down regulation by predators is a main cause of highly fluctuating small-mammal densities. Parasites have not been documented as important in inducing cycles and outbreaks of small mammals (Henttonen 2000) , and research on the effects of diseases on population cycles and outbreaks of small rodents is still in its infancy (Begon 2003) . However, even sublethal parasites and diseases can affect the population dynamics of small mammals, provided that they make food-limited individuals vulnerable to predators. This is why it is difficult to form a conclusion for a single main cause of population cycles and outbreaks-the effects of malnutrition, parasites or diseases, and predators on small-mammal populations may be interactive.
Food limitation may stop population increases of cyclic vole, lemming, and snowshoe hare populations, whereas the decline from peak numbers is brought about by predation mortality. In house mice without coevolved predators, food supply and disease seem to be the factors involved in creating outbreaks and their collapse. Food supply, in turn, is determined by rainfall. In lemmings, the importance of food supply is not yet well understood. Time-series analyses indicate that Norwegian lemmings are limited bottom-up by food abundance (Turchin et al. 2000) , whereas observational and experimental studies (Reid et al. 1995 , Wilson et al. 1999 indicate that collared lemmings are regulated top-down by predators.
Lemmings and other small mammals with population cycles (voles, hares) or outbreaks (mice) may offer an excellent example of factors that modify population dynamics. Small mammals and other herbivores occupy widely divergent environments and are enmeshed in complex food webs involving resources, competitors, and natural enemies. Therefore, blind extrapolation of findings in one small-mammal population to other species and areas appears to be unwise. However, experiments and models explicitly designed to compare different small-mammal cycles and outbreaks would be very useful. In particular, the productivity of the environment seems to be the key factor in determining whether small-mammal populations are mainly regulated bottom-up or top-down (Oksanen et al. 1999) . There is already substantial consensus on the underlying causes of large-scale, high-amplitude vole and snowshoe hare cycles (Hansson 1999 , Hanski et al. 2001 , Klemola et al. 2002a , Turchin 2003 . Nevertheless, there is scope to advance our knowledge further, particularly on the multiannual cycles of lemmings and the outbreaks of mice and other small mammals. and the Academy of Finland for financial assistance (project no. 8202013).
